Effect of growth temperature on the characteristics of ZnO films grown on Si (111) Gallium-doped ZnO films were grown on p-Si͑111͒ substrates by atmospheric pressure metal-organic chemical vapor deposition ͑AP-MOCVD͒ using diethylzinc and water as reactant gases and triethyl gallium ͑TEG͒ as a n-type dopant gas. The structural, electrical, and optical properties of ZnO:Ga films obtained by varying the flow rate of TEG from 0.56 to 3.35 mol/ min were examined. X-ray diffraction patterns and scanning electron microscopy images indicated that Ga doping plays a role in forming microstructures in ZnO films. A flat surface with a predominant orientation ͑101͒ was obtained for the ZnO:Ga film fabricated at a flow rate of TEG = 2.79 mol/ min. This film also revealed a lowest resistivity of 4.54ϫ 10 −4 ⍀ cm, as measured using the van der Pauw method. Moreover, low temperature photoluminescence ͑PL͒ emission recorded at 12 K demonstrated the Burstein Moss shift of PL line from 3.365 to 3.403 eV and a line broadening from 100 to 165 meV as the TEG flow rate varied from 0.56 to 2.79 mol/ min. This blueshift behavior of PL spectra from ZnO:Ga films features the degeneracy of semiconductor, which helps to recognize the enhancing of transparency and conductivity of ZnO films fabricated by AP-MOCVD using Ga-doping technique.
I. INTRODUCTION
Zinc oxide ͑ZnO͒ is a wide band gap semiconductor with a direct band gap of 3.37 eV at room temperature. It demonstrates high thermal and chemical stability, good electrical conductivity, and high optical transparency. In addition, it has a large exciton bind energy of 60 meV, which is 2.4 times larger than that of GaN. ZnO is extensively studied because of its potential applications in widespread fields, such as a transparent conductive layer and/or an antireflection coating for amorphous-silicon ͑a-Si͒ and Cu͑InGa͒Se 2 -based solar cells.
1-3 Moreover, ultraviolet light emitting devices 4 and laser diodes 5 based on this material are also possible. Undoped ZnO films usually show n-type conductivity but with a high resistivity due to the intrinsic defects of oxygen vacancies and zinc interstitials. 6 Therefore, high conductive films can be obtained only by doping metal elements that substitute zinc sites. 7, 8 Compared to undoped ZnO, the doped one has a lower resistivity and better stability of electrical properties. It is well known that group III elements such as Al, 9 In, 10 Ga, 11 and B ͑Ref. 12͒ act as donors in ZnO. Among these metal dopants, Ga seems to be a promising one because the covalent bond length of 20 and low-pressure metal-organic chemical vapor deposition 21, 22 were used.
In our study, we fabricate ZnO:Ga films by AP-MOCVD. Little has been known about the growth of ZnO:Ga film by this method. As is known, AP-MOCVD is a simple fabrication process and cost competitive for device applications of thin films. It is capable of producing high growth rates over large areas. Doped films can be deposited by introducing the a͒ Author to whom correspondence should be addressed; electronic mail uenwuyih@ms37.hinet.net b͒ Electronic mail: chin099983@hotmail.com dopant into the gas phase, and the extent of doping can be easily controlled by the concentration of dopant in gas phase. We have recently reported the characterizations of absorption and transmission spectra of ZnO:Ga films fabricated on glass substrates by AP-MOCVD. 23 ZnO:Ga films with a low resistivity of 3.6ϫ 10 −4 ⍀ cm and a high transparency of 85% were achieved, which are expectable for being used as transparent electrodes in optoelectronic device applications. For a reference, Table I summarizes some recent progress concerning the quality of ZnO:Ga films produced by MOCVD. In the present work, we report the characterizations of ZnO:Ga films fabricated on Si͑111͒ substrate. The structural, electrical, and optical properties of ZnO:Ga films doped to different degrees were systematically examined to recognize the doping capability of Ga elements in ZnO film and also the availability of ZnO:Ga for a transparent conductive film.
II. EXPERIMENTS
ZnO thin films were deposited using a custom-made oneflow AP-MOCVD system. The substrates are 2 in. ͑111͒-oriented, p-type Si wafers with a resistivity of 1 -3 k⍀ cm. The growth chamber is a water-cooled vertical reactor. The substrate susceptor is made of graphite, 2 in. in diameter and coated with a SiC film on top surface by CVD technique. Diethylzinc ͑DEZn͒ and water were used as the sources of Zn and O, respectively. Besides, triethyl gallium ͑TEG͒ was used as the doping gas for Ga. N 2 was used as the carrier gas for the growth of ZnO:Ga films. Before the ZnO:Ga film growth, an undoped ZnO buffer layer of about 5 -10 nm was grown at a low temperature of 200°C and with a gas flow ratio of ͓H 2 O͔: ͓DEZn͔ ͑VI/ II ratio͒ = 6.84. Then, the growths of ZnO:Ga top layers were conducted at 400°C with their VI/II ratios being kept at 1.37 and growth time duration set for 30 min to achieve a thickness of about 200-300 nm. Specimens for comparison were fabricated with different TEG flow rates ranging from 0.56 to 3.35 mol/ min for Ga doping.
The crystalline structure of the ZnO:Ga thin films was analyzed by powder x-ray diffraction ͑XRD͒ ͑Bruker AXS Diffraktometer D8͒ using Cu K␣ line as the x-ray source ͑ = 1.540 56 Å͒. The surface morphology and thickness of ZnO films were examined by a scanning electron microscope ͑SEM͒ ͑JEOL-6700F͒ at an accelerating voltage of 10 kV. The resistivity, carrier concentration, and mobility of films were measured at room temperature by Hall measurements using the van der Pauw method. The optical properties were characterized by photoluminescence ͑PL͒ measurements performed at 12 K. PL spectra were excited with the 325 nm line of a He-Cd laser. Figure 1 shows the XRD patterns of ZnO:Ga film deposited on p-Si͑111͒ substrate under the TEG flow rate of 0.56-3.35 mol/ min. As can be seen from Fig. 1 , all the films exhibit grain structures with a preferential orientation of ͑101͒ accompanied by a weak ͑002͒ peak. This result is quite different from those conventionally investigated, such as that reported in Ref. 26 where heavily Ga-doped films were examined. The ͑101͒ peak retains its intensity while the ͑002͒ peak gets weaker decreases with increasing the TEG flow rate to 2.79 mol/ min and somehow regains its intensity again with a further increase in TEG flow rate to 3.35 mol/ min. The results described above imply that the Ga elements involved in ZnO film would influence the grain formation therein. Although it is suggested in Ref. 26 that the Ga doping causes the grains to grow without any predominant direction, in the present study the Ga doping was found to dominate the film growth with the appearance of ͕1011͖ planes on top. Different results presented above are probably due to the different methods used for growing ZnO:Ga, however, further studies must be conducted to clarify the details. The SEM surface images of ZnO:Ga thin films fabricated with various TEG flow rates are shown in Figs. 2͑a͒-2͑e͒ . Also, the cross-sectional images of these films are shown in the respective inset of these figures. It is obvious that ZnO:Ga films fabricated with the TEG flow rates ranging from 0.56 to 1.68 mol/ min exhibit surface morphologies full of irregular grain structures. Those grains can be roughly categorized into the larger ones and the smaller ones according to their sizes, which have made the whole film surfaces become very rugged. However, a more homogeneous formation of grains is observable when the TEG flow rate is increased to 2.23 mol/ min as demonstrated in Fig. 2͑d͒ and the corresponding inset. In particular, as exhibited in Figs. 2͑e͒ and 2͑f͒, the ZnO:Ga films fabricated with a TEG flow rate over 2.79 mol/ min show relatively uniform grain structures and their cross-sectional SEM images manifest the top surface of these films to be very flat compared to those grown with the TEG flow rates lower than 2.23 mol/ min.
III. RESULTS AND DISCUSSION
Analogous results have been found on heavily Ga-doped films evaluated by atomic force microscopy and explained by modeling the grain formation considering the Ga-doping effect. 27 It is noticeable that the film surface changes from an irregular structure to homogeneous morphologies with an increase in TEG flow rate to over 2.23 mol/ min and therefore the grain boundaries are also believed to be simultaneously reduced. Figure 3 displays the resistivity ͑͒, electron concentration ͑n e ͒, and Hall mobility ͑ H ͒ of ZnO:Ga films as a function of the TEG flow rate. The undoped ZnO shows p-type conductivity, with , H , and hole concentration measured as 0.7516 ⍀ cm, 42.1 cm 2 V −1 s −1 , and 1.97ϫ 10 17 cm −3 , respectively. As known, the intrinsic conductivity of ZnO is greatly influenced by the point defects produced therein. The p-type conductivity of undoped ZnO has been reported to be possibly due to the formation of Zn vacancies. 28 On the other hand, Ga is a n-type dopant that replaces zinc atoms ͑Ga Zn ͒ or forms interstitial atom ͑Ga i ͒ in ZnO, which increases the free electron concentration in the films. It can be seen that the resistivity of ZnO:Ga thin film decreases initially with increasing TEG flow rate and achieves a minimum value of 4.54ϫ 10 −4 ⍀ cm at the TEG flow rate= 2.79 mol/ min. Then it increases conversely with a further increase in TEG flow rate. Whereas, the electron concentration increases gradually with increasing TEG flow rates from 0.56 to 2.79 mol/ min and reaches a maximum value of 8.93ϫ 10 20 cm −3 . However, a further increase in TEG flow rate to 3.35 mol/ min makes the electron concentration reduce to 6.28ϫ 10 20 cm −3 . Obviously, the Ga atoms in the films have a tendency to occupy interstitial sites as neutral defect, and even substitute oxygen site as an acceptor at higher doping concentrations, which is responsible for the decrease in electron concentration when the TEG flow rate is increased to 3.35 mol/ min. This carrier compensation phenomenon was also observed by Hu et al. 19 for ZnO:Ga layers at high doping level. Moreover, the Hall mobility initially increases with the TEG flow rate and begins to decrease after a maximum value of 15.4 cm 2 V −1 s −1 is achieved at the TEG flow rate= 2.79 mol/ min. As is reported, the Hall mobility ͑ H ͒ can be expressed as 
where i and g are the mobilities dominated by impurity scattering and grain boundary scattering, respectively. i should decrease with increasing TEG flow rate since the amount of Ga atoms incorporated in ZnO film is increased. Hence, it is reasonable to consider that the increase in H with increasing TEG flow is mainly dominated by g . As demonstrated in both XRD and SEM results described above, the grain structure is simplified and exhibits a relatively flat surface as the TEG flow rate is increased to over 2.79 mol/ min. This should be connected to a reduction in the area of grain boundaries, which should have been beneficial for elevating g and therefore H . That is to say, the increase in Hall mobility is due to the reduction in scattering from the grain boundaries. However, a further raise of TEG flow rate to 3.35 mol/ min might enhance the Ga-related donor impurity, acceptor impurity, and/or defect scatterings to reduce i , which would result in lowering H , too. Figure 4 shows PL spectra of undoped and Ga-doped ZnO films measured at 12 K. As can be seen, the PL spectrum of undoped ZnO displays several emission lines near ZnO band edge, such as 3.357, 3.309, 3.240, and 3.169 eV. The emission line at 3.357 eV is attributed to the recombination of excitons bound to neutral acceptors 30 or those bound to neutral donors. 31 The strongest emission line at 3.309 eV is assigned to the donor-acceptor pair recombinations, accompanied by two LO-phonon replicas at 3.240 eV ͑1-LO͒ and 3.169 eV ͑2-LO͒. 32 In contrast, the PL spectrum of Ga-doped ZnO film fabricated with a TEG flow rate of 0.56 mol/ min is dominated by the emissions at 3.365 and 3.333 eV, which are related to the excitons bound to neutral donors. 33 Finally, for the film fabricated with a TEG flow rate of 2.79 mol/ min, the excitonic emission seems to be embedded in a wide band-to-band transition with a blueshift of the emission peak to 3.403 eV. No visible emissions are discovered for all PL spectra. This implies that the doping of Ga elements into the ZnO lattice does not bring about the defects responsible for deep level related emissions. 21 The origins of the blueshift and linewidth broading for the PL emission of heavily doped films are further analyzed below. Figure 5 shows ͑a͒ the normalized PL spectra measured at 12 K and ͑b͒ the peak position and full width at half maximum ͑FWHM͒ of ZnO:Ga films fabricated with various TEG flow rates ranging from 0.56 to 3.35 mol/ min. As the TEG flow rate increases from 0.56 to 2.79 mol/ min, the PL peak also shifts from 3.365 to 3.403 eV and meanwhile the FWHM of PL spectrum also increases from 100 to 165 meV. Two plausible mechanisms are considered to be responsible for the blueshift and linewidth broadening of PL spectra related to the well-known Burstein-Moss effect. 34, 35 The origin of this effect is the shift of the Fermi level ͑E F ͒ to above the bottom of the conduction band ͑E c ͒ as the doping degree surpasses the degeneracy limit. Thus, the peak position of PL spectra shifts to higher energies following Fermi level, as described by the equation below,
where n represents the net electron concentration, ប the reduced Planck constant, and m e * the effective electron mass. Furthermore, due to indirect transitions ͑violating the k selection rule͒ between the filled states in the conduction band and valence band, the FWHM of PL was found empirically to increase with the energy shift. 37 The indirect character of such transitions was ascribed to the scattering of carriers by ionized donors and Auger processes. 38 Otherwise, some previous reports indicated a clear redshift due to the band tailing effect for their PL spectra of ZnO:Ga films. 8, 18, 21 Such a variation in PL spectra is interpreted as mainly due to a band gap narrowing caused by impurity-induced potential fluctuation. However, the related redshift behavior was ultimately not observed through all our measurements compared to the energy gap of an intrinsic material. Even the specimen fabricated with the TEG flow rate high to 3.35 mol/ min just exhibited a slight decrease in the PL peak energy to 3.393 eV due to the compensation effect of electrons.
IV. CONCLUSIONS
Characterizations of ZnO:Ga films fabricated on p-Si͑111͒ substrates by AP-MOCVD using TEG as the doping gas have been systematically conducted. It was found that the amount of Ga elements doped in ZnO film evidently influence its grain structure, electrical, and optical properties. For the range of TEG flow rate investigated, a flat surface with the predominant orientation of ͑101͒ can be obtained for the ZnO:Ga films fabricated at the TEG flow rate over 2.79 mol/ min. Moreover, the TEG flow rates higher than 2.23 mol/ min can be used to obtain ZnO:Ga films with low The mobility is considered to be dominated by the grain boundary scattering when the TEG flow rate is lower than 2.79 mol/ min, but is dominated by the ionized impurity scattering when the TEG flow rate is higher than 2.79 mol/ min. This phenomenon has made a highest mobility be achieved at the TEG flow rate= 2.79 mol/ min. In addition, a compensation effect is suggested to explain the decrease in electron concentration after the maximum value is obtained. Combining both the variations of electron concentration and mobility as a function of the TEG flow rate naturally yields a lowest resistivity at the TEG flow rate= 2.79 mol/ min. Conclusively, degenerate n-type ZnO films can be produced by AP-MOCVD using the Ga-doping technique, which is further characterized by the blueshift ͑3.365-3.403 eV͒ and linewidth broadening ͑100-165 meV͒ of PL spectra for the specimens fabricated with various TEG flow rates ͑0.56-2.79 mol/ min͒. 
